Flock house virus is a small insect virus with a bipartite RNA genome consisting of RNA1 and RNA2. RNA3 is a subgenomic element encoded by RNA1, the genomic segment required for viral RNA synthesis (T. M.
fragment after assembly into provirions (3, 4, 10, 12) .
Besides being the messenger for coat protein, nodaviral RNA2 also down-regulates synthesis of subgenomic RNA3 through an unknown mechanism. A preliminary study has shown that Drosophila cells transfected with RNA1 alone produced RNA3 in proportions 10-to 20-fold greater than do cells infected with virions or transfected with both viral RNA1 and RNA2 (15) .
We now provide evidence that coat protein, the gene product of RNA2, is not required for down-regulation of RNA3 synthesis. A defective interfering (DI) RNA (DI-634), with large deletions in the open reading frame (ORF) for coat protein (41) , retained the ability of RNA2 to down-regulate RNA3 synthesis, and removal of its messenger activity did not impair such function. Additional evidence relevant to the mechanism of the down-regulatory activity is also discussed.
MATERIALS AND METHODS
Propagation of Drosophila cells. The WR strain of Drosophila cells was propagated in roller bottles as previously described (10, 37) . Complete growth medium consisted of Schneider's insect medium (36) supplemented with 15% fetal * Corresponding author. bovine serum. Cells were routinely passaged by flushing confluent monolayers into the spent medium and then diluted 150-fold with fresh medium.
Purification of FHV RNA1 and other viral RNAs. Fifty micrograms of a viral RNA mixture (containing equimolar amounts of RNA1 and RNA2) was isolated from gradientpurified virus particles. The RNA mixture was heated at 65°C for 5 min and was then resolved for about 3 h at 8 V/cm on a 1% low-melting-point (LMP) agarose gel (buffer was 89 mM Tris-Cl-89 mM borate-1 mM EDTA [pH 8.3] ). After electrophoresis, the agarose piece containing the RNA1 band was collected, melted at 65°C, and loaded onto another 1% LMP agarose gel for the second round of fractionation. The RNA1 purification step was repeated with a third gel. The final gel piece, with purified RNA1, was melted at 65°C in an equal volume of 0.4 M NaCl-20 mM Tris-Cl (pH 7.0)-2 mM EDTA and then subjected to extraction with phenolchloroform and ethanol precipitation. Approximately 10 ,ug of RNA1 was purified from the initial viral RNA mixture (50 ,ug). There was no detectable RNA2 synthesis assayed by incorporation of [3H]uridine in Drosophila cells transfected with such prepared RNA1. Similarly, FHV RNA2 and DI-634 were also purified through LMP agarose gels.
Plasmid construction. A full-length DNA copy of FHV RNA2 had been cloned in plasmid pSP64 (Promega) (6) . The double-stranded DNA was then recloned into transcription vector pBluescribe M13 (+) (Stratagene) according to the promoter sequence of T3 RNA polymerase. The plasmid was further modified by removing the nonviral bases located between the transcription initiation site of the T3 promoter and downstream viral DNA sequence through oligonucleotide-directed mutagenesis. RNA2 transcripts generated in vitro from the modified plasmid contain 5' ends identical to those in viral RNA2 (data not shown) but four extra nonviral bases at the 3' ends (6 (5, 10, 26) ; a third RNA species, RNA3, which is a subgenomic element encoded by RNA1, is also synthesized in FHVinfected Drosophila cells but is not packaged into virions (10, 11, 17 ). An earlier report has shown that synthesis of RNA3 is substantially inhibited when RNA2, which encodes viral coat protein, is present in the cells (15) . Figure 1 (Fig. 2A) . As shown in Fig. 2B , Drosophila cells cotransfected with RNA1 and DI-634 (lanes 1 and 4) produced RNA3 at much lower levels than did those transfected with RNA1 alone (lanes 3 and 6) . The inhibition of RNA3 synthesis by DI-634 was as complete as that by genomic RNA2 (lanes 2 and 5).
Evidence that coat protein is not required for down-regulation of RNA3 synthesis. Despite the large deletions in RNA2, DI-634 contains a small ORF consisting of two disjointed segments of coat protein corresponding to residues 1 to 76 and 166 to 235 (shown in black), respectively, and a 13-amino-acid out-of-frame region (hatched) at the C terminus (Fig. 2A) 1). DI-uag is a modified form of DI-634 in which the translational initiation codon (AUG) at position 23 was replaced with a UAG codon. After incubation, a small aliquot (2 ,ul) from each reaction mixture was separated on an SDS-15% polyacrylamide gel, and labeled translation products were detected by autoradiography.
was converted to a UAG codon via a cDNA clone of DI-634. The resulting construct was named DI-uag.
As previously reported, cDNA-generated FHV RNA transcripts, with a few extra nonviral bases at 5' and 3' termini, were about 10% as infectious as authentic RNA from virions (6) . The cDNA clones used in this study synthesized in vitro transcripts containing 5' ends identical to those in authentic virion RNA2 but with four extra nonviral bases at the 3' ends (see Materials and Methods). To remove those extra bases, the transcripts of DI-uag were transfected into Drosophila cells together with RNA1, which encodes the replicase needed for viral RNA replication; in vivo-propagated DI-uag molecules were recovered from the cells at about 16 h postinfection. The resulting DI-uag RNA was electrophoretically purified by using LMP agarose and tested for messenger activity and ability to inhibit RNA3 synthesis.
FHV RNA2 encodes viral coat precursor protein a (molecular weight, 44,000) containing 407 amino acid residues (4); it was an active message in cell extracts of rabbit reticulocyte (Fig. 3, lane 2) . As seen in lane 3, DI-634 was also messenger active but produced a smaller protein (pDI) consistent with the mass of 17 kDa predicted by its nucleotide sequence (Fig. 2A) . However, DI-uag, a modified form of DI-634, completely obliterated any evidence of messenger activity (lane 4), despite overexposure of the autoradiogram to enhance detection sensitivity.
These experiments showed that DI-uag had no detectable messenger activity in cell extracts. Similar studies on intact Drosophila cells transfected with DI-uag also failed to reveal evidence of any protein product (data not shown).
As shown in Fig. 4 (4, 5, 6 , and 7 h) postinfection, and total RNA was extracted. The RNA samples were electrophoretically resolved under denaturing conditions and analyzed by Northern blot hybridization using probes specific for positive-and negative-strand RNA3 (Fig. 5) . cotransfected with both RNA1 and RNA2 (lanes 5 to 8) was substantially lower than in those transfected with RNA1 alone (lanes 1 to 4) . Quantitative analysis further indicated that synthesis of positive-strand RNA3 was about 10-fold lower at each time point in the presence of RNA2 (data not shown). However, as shown in Fig. 5B, RNA2 did not decrease the production of negative-strand RNA3 (compare lanes 5 to 8 with lanes 1 to 4). Note that the gel in Fig. SB was exposed 40-fold longer than that in Fig. 5A to accommodate the much smaller amounts of negative-strand RNA3. Additional control tests showed that there was no detectable cross-reaction between the riboprobes used under these hybridization conditions (see the legend to Fig. 5 ). These results indicate that RNA2 selectively inhibits synthesis of positive-strand RNA3 but not of its complementary negative strand.
cDNA-generated RNA2 transcripts lack the ability to repress RNA3 synthesis. As noted above, the transcripts of RNA2 contain four extra nonviral bases at the 3' ends. The inhibitory effects on RNA3 synthesis between transcript RNA2 and authentic RNA2 from virions were compared (Fig. 6) . Unlike virion RNA2 (lanes 4 and 9), which strongly inhibited synthesis of RNA3, the RNA2 transcripts were defective in such function (lanes 3 and 8) when cotransfected into Drosophila cells with virion RNA1. Similar results were also observed for the transcripts of DI-634 (lanes 1 and 6).
These results seem to suggest that intact 3' end of RNA2 is required for efficient down-regulation of RNA3 synthesis. As seen earlier, DI-uag transcripts, after a single passage in transfected Drosophila cells, recovered the ability to downregulate RNA3 synthesis (Fig. 4, lanes 1 and 4) ; a similar result was also obtained with use of cellularly passaged RNA2 transcripts (Fig. 7, lane 1 (3, 6) .
Further characterization of the down-regulatory mechanism now requires a better understanding of the mechanism by which RNA3 is replicated. Three types of models have been proposed for generation of subgenomic RNAs. One is initiation of transcription at an internal promoter site on the negative strand of genomic RNA, a mechanism used by the alphaviruses (22, 28, 30, 40) and by the plant virus brome mosaic virus (9, 24, 25) . A second mechanism is leaderprimed transcription, in which a segment of RNA, transcribed from one end of the negative strand of genomic RNA, dissociates from its template and then rejoins the template at various downstream transcription initiation sites to serve as a primer for transcription of subgenomic RNAs. This mechanism had been proposed for the synthesis of coronaviral subgenomic mRNAs (2) but requires reconciliation with the observations that subgenomic replicative intermediates and subgenomic negative-stranded RNAs were detected in virus-infected cells (34, 39) . A third mechanism is premature termination during negative-strand synthesis, fol- lowed by independent replication of the subgenomic RNA (16) .
In the case of FHV, the lack of sequence similarity at the 5' ends of RNA1 and RNA3 (5, 17) seems to rule out the second possibility, i.e., leader-primed subgenomic transcription. Of the two remaining mechanisms (Fig. 8) , one involves initiation of RNA3 synthesis from an internal promoter in the negative strand of RNA1 (model A); the other involves early termination during transcription from positive-strand RNA1 (model B).
It has been proposed, in accordance with model A, that RNA2 down-regulates synthesis of RNA3 by annealing close to the putative promoter site in negative-strand RNA1 and, therefore, impairing the recognition of the promoter by viral replicase (5). This proposal was based upon a complementary region, involving some 35 bases, between three separate regions of positive-strand RNA2 of black beetle virus and regions of its negative-strand RNA1, with the nearest one ending 10 bases upstream of the initiation site for RNA3; none of this complementarity involves the sequence of RNA3 (5). In the case of FHV, there are two regions in positive-strand RNA2 which are complementary to the putative promoter site in negative-strand RNA1 (data not shown). One is at bases 682 to 691; the other involves bases 555 to 564, which is a region homologous to the black beetle virus site nearest to the subgenomic initiation site. Even if those bases were sufficient for annealing of the two molecules, it is not self-evident in this model how the 3' end of RNA2 would be important in down-regulating the synthesis of RNA3 (note the disproportionate amounts of positivestrand RNA2 to negative-strand RNA1 in the cells), nor does the model predict the existence of negative-strand RNA3 found in infected cells.
It is easier to conceive in model B how synthesis of positive-strand RNA3 is selectively targeted for inhibition. Down-regulation of RNA3 synthesis in infected Drosophila cells is time dependent, correlating with the accumulation of RNA2 as it replicates (11, 15) . As shown in Fig. 6 , the four extra nonviral bases at the 3' ends of positive-strand RNA2 transcripts reduced the efficiency of these transcripts as a template for viral replicase (lanes 1 and 3) . The reduced affinity of RNA2 transcripts for viral replicase would free more replicase molecules to act upon negative-strand RNA3 template and would thus favor the synthesis of positivestrand RNA3. Once the 3' ends of RNA2 transcripts were repaired, they would again compete efficiently with negativestrand RNA3 and thereby recover the down-regulatory activity on positive-strand RNA3 synthesis. 
